ABSTRACT Using small angle neutron scattering we have measured the static form factor of two different superhelical DNAs, p1868 (1868 bp) and pUC18 (2686 bp), in dilute aqueous solution at salt concentrations between 0 and 1.5 M Na ϩ in 10 mM Tris at 0% and 100% D 2 O. For both DNA molecules, the theoretical static form factor was also calculated from an ensemble of Monte Carlo configurations generated by a previously described model. Simulated and measured form factors of both DNAs showed the same behavior between 10 and 100 mM salt concentration: An undulation in the scattering curve at a momentum transfer q ϭ 0.5 nm Ϫ1 present at lower concentration disappears above 100 mM. The position of the undulation corresponds to a distance of ϳ10 -20 nm. This indicated a change in the DNA superhelix diameter, as the undulation is not present in the scattering curve of the relaxed DNA. From the measured scattering curves of superhelical DNA we estimated the superhelix diameter as a function of Na ϩ concentration by a quantitative comparison with the scattering curve of relaxed DNA. The ratio of the scattering curves of superhelical and relaxed DNA is very similar to the form factor of a pair of point scatterers. We concluded that the distance of this pair corresponds to the interstrand separation in the superhelix. The computed superhelix diameter of 16.0 Ϯ 0.9 nm at 10 mM decreased to 9.0 Ϯ 0.7 nm at 100 mM salt concentration. Measured and simulated scattering curves agreed almost quantitatively, therefore we also calculated the superhelix diameter from the simulated conformations. It decreased from 18.0 Ϯ 1.5 nm at 10 mM to 9.4 Ϯ 1.5 nm at 100 mM salt concentration. This value did not significantly change to lower values at higher Na ϩ concentration, in agreement with results obtained by electron microscopy, scanning force microscopy imaging in aqueous solution, and recent MC simulations, but in contrast to the observation of a lateral collapse of the DNA superhelix as indicated by cryo-electron microscopy studies.
INTRODUCTION
Beyond the primary DNA sequence of the genome, which is becoming available for more and more organisms, the threedimensional folding of the DNA in the cell determines its function to a large extent. An important "folded state" of DNA is the superhelix, which is formed when a piece of DNA is put under torsional stress, e.g., during translation or replication (Bates and Maxwell, 1993) . Here the DNA double strand is wound around itself such that segments that are far from each other on the primary sequence can come into close neighborhood. Such long-range interactions are important, e.g., in gene regulation by enhancer-promoter interaction (Rippe et al., 1997a) . In order to understand how superhelicity can control such processes it is important to understand the structure of the superhelix and its changes in different environments. To study the structure of superhelical DNA, imaging techniques like electron microscopy, cryo-electron microscopy, and scanning force microscopy have been successfully used for imaging of single molecules. However, any technique in which a flexible molecule like DNA is bound to a surface or confined to a rigid matrix can create artifacts. Furthermore, the only way to compute conformational statistics for a large number of molecules is to evaluate individual images, which can be tedious. To quantify structural properties of DNA free in solution under noninvasive conditions, methods such as analytical ultracentrifugation or static and dynamic light scattering have been used widely (Schurr, 1977; Langowski et al., 1986; Langowski, 1987; Langowski and Giesen, 1989; Rybenkov et al., 1997) . The drawback with such techniques is that the structural information gained is a priori not very detailed; typically, some simple quantities such as diffusion or sedimentation coefficient, a scattering curve or parameters indirectly related to the dynamics of the molecule are obtained. For interpreting these measured quantities, models therefore have to be used. In particular, Monte Carlo and Brownian dynamics simulations served to interpret hydrodynamic and solution scattering data of DNA (Klenin et al., 1991 (Klenin et al., , 1995 Vologodskii et al., 1992; Kremer et al., 1993; Bednar et al., 1994; Langowski et al., 1994; Gebe et al., 1995 Gebe et al., , 1996 Hammermann et al., 1997; Rybenkov et al., 1997) . From the models it was also possible to compute parameters which are important during transcriptional activation, such as cyclization probabilities mediated by proteins or end-to-end collisions frequencies of short DNA fragments with a permanent bend .
The quality of these DNA simulation programs makes it now possible to predict effects which have not yet been observed in measurements. Monte Carlo simulations of superhelical DNA solution scattering predicted a modulation in the scattering form factor at a scattering vector modulus q Ϸ 0.5 nm Ϫ1 which shifts to higher values with increasing ionic strength. We show in the following that this modulation and its salt dependence can be verified experimentally by small angle neutron scattering on superhelical DNA of 1868 and 2686 bp. From the modeled conformations we could then determine the superhelix diameter of DNA in aqueous solution over a wide range of Na ϩ concentrations. A similar salt effect had been observed in earlier x-ray scattering studies by Brady et al. (1987) , but the authors interpreted the change as only being consistent with a non-interwound form of the superhelix. Here, the comparison with the simulations clearly demonstrates that the salt effect can be explained by a change in the interstrand separation in the DNA superhelix in an interwound form.
These results are of particular relevance, since recently attention has focused on the interaction between opposing double strands in an interwound superhelix and its modulation by the counterion concentration. Bednar et al. (1994) observed in cryo-electron microscopy studies a lateral collapse of the interwound structure for Na ϩ concentrations Ͼ0.1 M or at millimolar concentrations of Mg 2ϩ . The relevance of this observation for the solution structure of the superhelix has been put in question by recent results of Gebe et al. (1996) , who could not find evidence for such a collapse in static and dynamic light scattering, fluorescence polarization anisotropy decay, or circular dichroism measurements. In another recent study, a comparison of sedimentation coefficients of superhelical DNA as determined by analytical ultracentrifugation and as calculated from Monte Carlo simulations gave a consistent description of the salt-dependent solution structure of the DNA (Rybenkov et al., 1997) . This model could predict the superhelix diameter, and no collapse up to 1 M was found.
Our neutron scattering measurements shown here give a direct measure of the superhelix diameter and do not show evidence for a collapse at Na ϩ concentrations up to 1.5 M. They are in agreement with the results mentioned above and with recent scanning force microscopy images supporting a superhelix diameter of not less than 10 nm even in the presence of 10 mM Mg 2ϩ (Rippe et al., 1997b) .
MATERIALS AND METHODS

Superhelical DNA preparation
pUC18 plasmid DNA (2868 bp) was prepared from Escherichia coli HB 101 as described (Kapp and Langowski, 1992; Langowski, 1987) , p1868 (1868 bp) was prepared as described (Hammermann et al., 1997) . After ethanol precipitation and short drying the crude DNA was dissolved in TE buffer (10 mM Tris-HCl, pH 7.5, 1 mM EDTA). For additional purification and concentration the DNA was precipitated for 15 h on ice by adding a 50% solution of PEG 20000 in 0.5 M NaCl to a final PEG concentration of 10% in 0.6 M NaCl. The DNA was pelleted at 8000 rpm and 4°C in the HB4 rotor in a Sorvall RC-5B centrifuge and again dissolved in TE buffer. Supercoiled and relaxed plasmids were separated by HPLC as described (Kapp and Langowski, 1992) . The integrity of the DNA plasmids and the superhelical density was checked by agarose gel electrophoresis (1%) in Tris-acetate buffer (40 mM Tris-acetate, 2 mM EDTA, pH 8). Only samples containing more than 90% supercoiled DNA were used for neutron scattering measurements in 10 mM Tris-HCl, 0.1 mM EDTA, pH 7.5 with varying amounts of NaCl. As a control, scattering functions of relaxed plasmids were also collected. The NaCl concentration was varied between 0 and 1.5 M and controlled by conductivity measurements. DNA concentrations were 2-6 mg/ml. Both plasmids were also dialyzed against the same buffer with 100% D 2 O, dialysis was performed in 100ϫ sample volume in Sartorius collodium bags (cellulose nitrate, 12000 D MWCO, FRG) with at least three buffer changes.
Neutron scattering measurements
Measurements were performed at the D22 large scale structure diffractometer at the Institut Laue-Langevin (ILL), Grenoble (Ibel, 1994) . The sample cuvette (quartz, 1 mm light path, 7 ϫ 10 mm 2 illuminated cross-section, Hellma GmbH, Müllheim, FRG) was thermostatted at 20°C. The neutron wavelength was 8 Å, the sample detector distance was set to 5.0 or 2.5 m to reach a momentum transfer q range of 0.1-3 nm Ϫ1 . Data were collected for at least 1-2 h at each Na ϩ concentration. After radial integration the data were corrected for sample transmission at 0 and 100% D 2 O. Background and buffer scattering were subtracted. For comparison of data sets at different sample concentrations and slight baseline deviations in the D 2 O samples, the data were renormalized to the same intensity at low q and the baseline at high q was corrected to the same value.
DNA simulations
The conformations of p1868 and pUC18 were simulated by use of a Monte Carlo algorithm originally developed by Vologodskii et al. (1992) . The algorithm is now part of a combined Brownian dynamics and Monte Carlo simulation program implemented in Cϩϩ. The details of the Brownian dynamics procedure have recently been published . The elastic and electrostatic potentials are the same for both Brownian dynamics and Monte Carlo simulations. The DNA was divided into 64 (p1868) and 91 (pUC18) segments of 10.0 nm length corresponding to 29.4 bp. Since this size is significantly smaller than the persistence length (assumed here 50 nm), the individual segments can be regarded as rigid rods. We used a Kuhn statistical length of 100 nm independent of Na ϩ concentration (Hagerman, 1988) , and a torsional rigidity constant C ϭ 2 ⅐ 10 Ϫ19 erg cm (Schurr et al., 1992) . The electrostatic energy is the expression for the energy of interaction between two uniformly charged nonadjacent segments (i, j) in the Debye-Hückel approximation:
The integration is done along the two segments, i and j are the distances from the segment beginnings, r ij is the distance between the current positions at the segments to which the integration parameters i and j correspond; is the inverse of the Debye length, so that 2 ϭ 8e 2 I/k B TD, I is the ionic strength, e the proton charge, D the dielectric constant of water, the linear charge density which for DNA is equal to DNA ϭ Ϫ2e/⌬, where ⌬ ϭ 0.34 nm is the distance between two base pairs. To ensure the correct excluded volume effects, the renormalization of the linear density was done as in Stigter (1977) . As pointed out in Schellman and Stigter (1977) , the Gouy layer of immobile counterions reduces the effective charge density by a factor of q ϭ 0.73 for NaCl concentrations between 1 and 500 mM. Next, the Debye-Hückel approximation is a linearization of the Poisson-Boltzmann equation and valid only for a very small electric potential: Ͻ Ͻ k B T/e. We chose the renormalized charge density * in such a way that the known solution of the Debye-Hückel equation for a straight thin line with charge density * coincides with the solution of the Poisson-Boltzmann equation for a cylinder of the DNA radius r ES and the charge density q DNA in the regions where
The Monte Carlo steps used were exclusively rotational "pivot" moves where parts of the chain were rotated against one another, other than in the original publication (Vologodskii et al., 1992) , where reptational and rotational moves were used. The deficit linking number in the simulations was set to the native value measured for each plasmid in gel electrophoresis buffer, ⌬Lk ϭ Ϫ9 for p1868 and ⌬Lk ϭ Ϫ13 for pUC18. These values were not varied for the simulations at different Na ϩ concentrations. As a control, the relaxed form of both plasmids was also simulated by setting ⌬Lk ϭ 0. All simulations were done assuming a temperature of T ϭ 20Њ, starting from a flat circle as initial configuration. 10 6 simulation steps were done and the last configuration was taken as new starting configuration. Another 9 ⅐ 10 6 steps were calculated, each 1000th configuration was saved to a final set of 9000 configurations for each Na ϩ concentration. To calculate static scattering functions from the saved configurations, each segment was divided into four smaller segments of 2.5 nm length to minimize the influence of the segment length on the distance distribution. The total segment number was then 256 for p1868 and 364 for pUC18. A further division of the 2.5-nm segments into 1.25-nm segments had no significant influence on the distance distribution of the segments. The static form factor was calculated and averaged over all configurations and orientations of the macromolecules according to Debye (1915) ,
where q is the momentum transfer, N the number of segments, and r ᠬ i and r ᠬ j the positions of the segments i and j. P(q) was multiplied by a constant K to fit the experimental data I(q), a constant term was added to fit the measured baseline at high q. To quantify the superhelix diameter, we calculated the average distribution function p(r) of the distance between each segment pair r ᠬ i and r ᠬ j ,
Additionally, we calculated the average distribution function p n (r) of each segment r ᠬ i and its nearest opposite neighbor r ᠬ j with the constraint that the two segments are separated by at least 10 segments along the chain:
The meaning of this quantity is illustrated in Fig. 1 . Opposing segments are connected by a straight line. Segment pairs 2-4 are nearest neighbors and therefore a measure of the superhelix diameter. A segment in an end loop finds its counterpart at a larger distance (pair 1) because the segments are separated by 10 segments along the chain. The number 10 was chosen arbitrarily; there was no significant influence of this number on the peak in the distribution above a lower limit of approximately five segments separation along the chain. Segments located in end loops will give rise to a long tail in the distribution p n (r). However, only a small number of segments are located in end loops; thus, a peak in p n (r) can be regarded as average diameter of interwound regions of the plasmid.
RESULTS AND DISCUSSION
Small angle neutron scattering measurements
The measured static form factor of the two plasmids p1868 and pUC18 shows the same Na ϩ concentration dependent behavior. An undulation in the scattering curve at a momentum transfer q ϭ 0.5 nm Ϫ1 present at 10 mM Tris, 0 mM Na ϩ concentration shifts to higher q values with increasing Na ϩ concentration. Fig. 2 shows the superposition of the measured scattering intensity of pUC18 between 0 and 500 mM Na ϩ concentration. At 1 and 1.5 M the scattering curve superimposes with the curve at 0.5 M Na ϩ (data not shown), there was no indication for any further structural change above 100 mM Na ϩ concentration. The dependence of magnitude and position of the curve undulation on the Na ϩ concentration is clearly visible in H 2 O. However, the effect is more noticeable in D 2 O because of the better signal-to-noise ratio at high q values. The scattering function of both superhelical plasmids at 0 and 100 mM Na ϩ concentration, measured in D 2 O, is shown in Fig.  3 . The curve shape is identical for both plasmids, the change is slightly larger for pUC18. The largest decrease of the scattering intensity occurs at the same scattering vector for both plasmids.
To be sure that the observed change is not due to intermolecular interactions, i.e. not dependent on the DNA concentration, we collected data on pUC18 DNA at different concentrations in the range 2-6 mg/ml. The salt dependence of the scattering curves was not affected by the DNA concentration (data not shown). A detailed study on the effect of DNA concentration on the scattering curves had demonstrated that interference peaks begin to appear at concentrations greater than 20 mg/ml (Grassian et al., 1983) . Moreover, the scattering curves of the relaxed form of pUC18 show no dependence on salt concentration (Fig. 4) .
For quantifying the effect, we computed the ratio of the scattering intensities of the superhelical DNA at different salt concentrations and the relaxed form at 100 mM (Fig. 5) .
FIGURE 1 Sketch of a superhelical plasmid illustrating the superhelix diameter in the simulated conformations. The shape of this curve is similar to the form factor of a pair of point scatterers at a constant distance d,
2 (solid lines in Fig. 5 ). This behavior is to be expected if a certain intramolecular distance occurs with high probability in the superhelical, but not in the relaxed DNA. The Debye formula for the scattering form factor of a macromolecule consisting of identical subunits is
where f(q) is the q-dependent scattering form factor of the subunit (Cantor and Schimmel, 1980) . We now compare two macromolecules A and B: A is a chain of point scatterers, B is the same chain but with pairs of point scatterers at a distance d arranged with their center of mass on the backbone of the chain. Thus, in Eq. 5 the coordinates r ᠬ i will be the same for the two structures, only f(q) will be equal to 1 for structure A and equal to f P (d, q) for structure B. The ratio of the scattering intensities I B /I A will then be f P (d, q).
In the case of a superhelical DNA where a certain intramolecular distance occurs with high probability we should find a very similar behavior. We therefore concluded that the diameter of the superhelical regions of the DNA can be determined from a quantitative comparison of the NaCl-dependent scattering curves of superhelical DNA and the NaCl-independent scattering curve of relaxed DNA. To proceed, we fitted the form factor f P (d, q) multiplied by a scaling factor a, to the curves in Fig. 5 . The fits yielded a value for a of the order of 0.5. The value of d, which can be regarded as the superhelix diameter, decreased from 16.0 Ϯ 0.9 nm at 0 mM to 13.8 Ϯ 1.1 nm at 10 mM, 11.5 Ϯ 0.7 nm at 40 mM, 9.0 Ϯ 0.8 nm at 100 mM. No further shift of r at 500, 1000, or 1500 mM NaCl was detected. We regard this as a direct measure of the interstrand separation in interwound regions of the DNA superhelix, since the curve undulation only appears in supercoiled DNA and intermolecular interference effects can be excluded.
DNA simulations
We assume in the following that the 10 mM Tris present in the buffer can be taken into account by additional 10 mM NaCl in the simulations. We therefore speak about salt concentration, which means 10 mM Tris plus added NaCl. The salt-dependent change in the static form factor was predicted in simulated scattering curves of pUC18 and p1868. The relative decrease in the scattering intensity from 10 mM to 100 mM salt concentration is of similar size as in the measured curves. The superimposed measured and simulated scattering curves of pUC18 and p1868 are shown in Figs. 6 and 7, respectively.
Since the simulated scattering functions agree very closely with the measured ones for both plasmids, we may conclude that the Monte Carlo simulation procedure is a FIGURE 3 Measured scattering intensity I(q) of pUC18 at 0 mM (E) and 100 mM (ƒ) and p1868 at 0 mM (F) and 100 mM () Na ϩ concentrations, both supercoiled, in D 2 O, 10 mM Tris.
FIGURE 4 Measured scattering intensity I(q) of pUC18, relaxed, in H 2 O, 10 mM Tris, at 0 mM (E) and 100 mM (ᮀ) NaCl concentrations. valid representation of the structure of superhelical DNA in solution. Thus, further calculations from the simulated conformations are possible, which reflect structural features of the DNA in free solution. We calculated the distribution function p(r) of the distance r between all segment pairs of the DNA chain. The distribution was averaged over all conformations. The result for pUC18 is shown in Fig. 8 . A sharp drop is seen for short distances which changes its position from ϳ20 nm at 10 mM to ϳ12 nm at 100 mM salt concentration. This cutoff can be used as a measure of the distance of closest approach for two segments in the superhelix. There was no significant further change of its position at higher salt concentration (data not shown).
To take a closer look at this cutoff, we calculated the average distribution function p n (r) of each segment r ᠬ i and its nearest neighbor r ᠬ j with the constraint that the two segments are separated by at least 10 segments along the chain. This function (Fig. 9) shows a pronounced peak which can be interpreted as the average superhelix diameter, its position at 18.0 Ϯ 1.5 nm at 10 mM moves to 14.1 Ϯ 1.5 nm at 20 mM and to 9.4 Ϯ 1.5 nm at 100 mM salt concentration. The distribution was identical but with a shorter tail for the p1868 plasmid (data not shown). Again, there was no further significant change above 100 mM salt concentration.
The measured (Fig. 5) and simulated ( Fig. 9 ) superhelix diameters are compared in Fig. 10 . The agreement above 10 mM salt concentration is almost perfect. The same results were obtained for p1868. The superhelix diameters simulated for a 7-kb plasmid by Rybenkov et al. (1997) are shown for comparison in Fig. 10 . They agree equally well with our experimental data, but they also show a small deviation at 10 mM. In the study by Rybenkov et al. (1997) , the superhelix diameters were determined via a calculation of the superhelix pitch angle, the writhe and the number of superhelix ends from the simulated conformations. The deviation at low salt concentration in our study might be due to a change in the DNA persistence length, which has not been taken into account in the simulations. To check the FIGURE 6 Measured and simulated scattering intensity I(q) of pUC18, in D 2 O, at 10 mM (exp., E; sim., solid line) and 100 mM (exp, ƒ; sim., dashed line) salt concentrations (NaCl ϩ Tris).
FIGURE 7 Measured and simulated scattering intensity I(q) of p1868, in D 2 O, at 10 mM (exp., F; sim., solid line) and 100 mM (exp., ; sim., dashed line) salt concentrations (NaCl ϩ Tris). influence of the persistence length, we performed a simulation of superhelical pUC18 DNA at 10 mM salt with a persistence length of 75 nm rather than 50 nm. The result was a dramatic decrease in the superhelix diameter. We obtained a value below 12 nm instead of 18 nm. Thus, the change in the persistence length at this low salt concentration is probably not that large, but it might be responsible for the small deviation of the simulated from the measured superhelix diameter. At 100 mM, the value agrees with the diameter of superhelical regions 9.2 Ϯ 3.3 nm of p1868 as determined by scanning force microscopy in aqueous solution in the presence of 10 mM MgCl 2 and 30 mM NaCl (Rippe et al., 1997b) .
However, the results contradict cryo-electron microscopy studies by Adrian et al. (1990) , who found a superhelix diameter of 12 nm in 10 mM Tris which decreases to 4 nm by addition of 10 mM MgCl 2 and also puts into question the finding of a lateral collapse of the DNA superhelix (Bednar et al., 1994) .
CONCLUSIONS
We have studied the salt concentration dependence of the superhelix diameter of two superhelical DNAs p1868 (1868 bp) and pUC18 (2868 bp). The static form factors of both plasmids were measured by small angle neutron scattering in aqueous solution. A significant decrease of the scattering intensity around the scattering vector q ϭ 0.5 nm Ϫ1 with increasing salt concentration from 0 to 100 mM Na ϩ in 10 mM Tris was detected. The effect occurred for both plasmids only in the supercoiled form and was independent of DNA concentration. At Na ϩ concentrations Ͼ0.1 M, no significant change in the scattering curve could be found. Thus, similar to the recent findings of Gebe et al. (1996) , a lateral collapse of the interwound structure for Na ϩ concentrations Ͼ0.1 M, as observed by Bednar et al. (1994) in cryo-electron microscopy studies, is not supported by our data for superhelical DNA in free solution.
The experimental data can be quantitatively reproduced by Monte Carlo simulations. The superhelix diameter, which was here defined as interstrand separation in plectonemic regions of the chain, was calculated from the simulated conformations. It decreases with increasing salt concentration from 18.0 Ϯ 1.5 nm at 10 mM to 9.4 Ϯ 1.5 nm at 100 mM. In a recent study, similar values were obtained from MC simulations by a completely different calculation (Rybenkov et al., 1997) . The value at high salt concentration is in agreement with previously reported diameters measured by scanning force microscopy in aqueous solution (Rippe et al., 1997b ) and with earlier electron microscopy studies (Boles et al., 1990) . The Monte Carlo simulation algorithm reproduces quantitatively the solution structure of DNA in solution. It is part of a combined Monte Carlo and Brownian dynamics algorithm. The Brownian dynamics part has already been shown to calculate correctly certain structural and dynamical features of superhelical DNA, e.g., the salt dependence of internal motions (Hammermann et al., 1997) .
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